
I. In t roduc t ion .  

Cancer is a common, complex, and f requent ly  fa ta l  disorder,  i n  which t h e  
mechanisms t h a t  normally govern t h e  growth and func t ions  o f  o u r  cel ls  go awry. 
How can t h i s  disease be mastered when our  knowledge o f  t h e  behavior  o f  normal 
cells remains rudimentary? We contend t h a t  t he  best hope l i e s  i n  a newly f l o u r -  
i s h i n g  e n t e r p r i s e ,  one s i g n i f i c a n t l y  nourished by our  own work, t h a t  a p p l i e s  t h e  
techniques  of molecular  b io logy  t o  a r e l a t i v e l y  small s e t  of genes  r e c e n t l y  i m -  
p l i c a t e d  i n  t h e  development of cancer  ("oncogenes" 1. 

The c o n v i c t i o n  t h a t  cance r  is a disease involving s t r u c t u r a l  a l t e r a t i o n s  
(muta t ions)  o f  genes  h a s  its r o o t s  i n  a v a r i e t y  o f  c l i n i c a l  and exper imenta l  ob- 
s e rva t ions .  Carcinogens are f r equen t ly  mutagens; c e r t a i n  n e o p l a s t i c  diseases 
d i sp lay  p a t t e r n s  o f  i n h e r i t a n c e  resembli'ng gene t i c  d i so rde r s ;  cancer  cel ls  o f t e n  
manifest  g r o s s  d i s t o r t i o n s  of t h e i r  chromosomes; and t h e  phenotype o f  a cancer  
cell  has a s t a b i l i t y  e v o c a t i v e  o f  g e n e t i c  change. However, t o  t h e  many expe r i -  
m e n t a l i s t s  e n t e r i n g  cance r  research as  we d i d  10 t o  20 yea r s  ago,  t h e  most 
s t r i k i n g  fact was t h a t  t h e  permanent a d d i t i o n  o f  one o r  a few v i r a l  genes t o  a 
normal cell could  c o n v e r t  i t  t o  a cancer  cell.  Compared w i t h  t h e  daunt ing  com- 
p l e x i t y  of t h e  v e r t e b r a t e  genome, t h e  s i m p l i c i t y  o f  c e r t a i n  tumor v i r u s e s  ( t h e  
polyomaviruses and r e t r o v i r u s e s )  seemed re f r e sh ing ly  approachable.  Although t h e  
s tudy  o f  such v i r u s e s  and affected cel ls  f r o m  chickens and roden t s  seemed a t  
first t o  r e p r e s e n t  an  exped ien t  compromise w i t h  Nature, there have been r i c h  and 
unexpected rewards, p a r t i c u l a r l y  f o r  those  o f  u s  working w i t h  r e t r o v i r u s e s .  The 
many d i f f e r e n t  oncogenes found t o  be carried by r e t r o v i r u s e s  (v-onc 's)  have pro- 
ven t o  be de r ived  from normal c e l l u l a r  genes (known as c e l l u l a r  oncogenes [c- - one's] o r  proto-oncogenes);  moreover, the  c e l l u l a r  oncogenes show many s i g n s  of 
being t h e  t a r g e t s  f o r  v a r i o u s  muta t iona l  events  t h a t  lead t o  eance r  i n  an imals  
and man. 

- 

Our l a b o r a t o r y  first unvei led  c e l l u l a r  oncogenes by f i n d i n g  t h a t  t h e  DNA of 
b i r d s  and mammals c o n t a i n s  homologues o f  v-F, t h e  oncogene o f  Rous sarcoma 
v i r u s .  
t he  cap tu re  o f  a c e l l u l a r  gene (c-src) by a pre-ex is t ing  r e t r o v i r u s  wi thout  an 
oncogene; t ha t  c-src is a gene h igh ly  conserved i n  Nature and v i t a l  t o  normal 
cells;  and t h a t  c-src (or  genes  l i k e -  i t) might f i g u r e  i n  the  g e n e s i s  o f  many 
cancers ,  regardless of p r e c i p i t a t i n g  cause. 

This  and subsequent  f i n d i n g s  prompted us  t o  propose t h a t - v - s r c  a r o s e  by - 
- - 

- 

I n  t he  decade t h a t  followed, s e v e r a l  developments en larged  t h e  r e p e r t o i r e  
of c e l l u l a r  oncogenes and s t rengthened  the  argument t h a t  t h e y  are involved i n  
many forms of cancer .  (i) D e f i n i t i o n  of t h e  composition and o r i g i n  o f  retro- 
v i r a l  oncogenes o t h e r  t han  v - c ,  he re  and elsewhere, uncovered many new c e l l u -  
l a r  oncogenes, n e a r l y  twenty a t  l a s t  count;  as t h e  number grew, so d i d  t h e  
v a r i e t y  of biochemical  mechanisms f o r  i n c i t i n g  n e o p l a s t i c  growth and t h e  pros- 
p e c t s  for pe rce iv ing  mechanisms r e l e v a n t  t o  human cancer. (ii) The s tudy  of re- 
t r o v i r u s e s  l a c k i n g  t h e i r  own oncogenes provided the  f i r s t  d i rec t  evidence that 
known c e l l u l a r  oncogenes cou ld  p a r t i c i p a t e  i n  carcinogenesis ,  as t h e  targets  f o r  
a c t i v a t i o n  by v i r a l  i n s e r t i o n a l  mutat ions.  This mechanism a l s o  affords a novel  
means t o  search f o r  new oncogenes. (iii) DNA-mediated gene t r a n s f e r  i n t o  rodent  
cells has  uncovered a c t i v e  oncogenes i n  human and o t h e r  tumors. Again c e l l u l a r  
oncogenes p rev ious ly  i d e n t i f i e d  by t h e i r  homology wi th  r e t r o v i r a l  oncogenes have 
f r e q u e n t l y  been impl i ca t ed ,  and an e x p l i c i t  d e f i n i t i o n  of  ca rc inogen ic  change a t  
the  nuc leo t ide  l e v e l  has  been possible f o r  t h e  first time. ( i v )  C e l l u l a r  on- 
cogenes o r  t h e i r  c l o s e  r e l a t i v e s  have been encountered a m i d s t  chromosomal 
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anomalies w i t h  s u r p r i s i n g  frequency,  t h e  genes sometimes ampl i f i ed  i n  numbers 
and e x t e n t  o f  expres s ion  and sometimes t r a n s l o c a t e d  from one chromosome t o  
another .  

Such f i n d i n g s  no t  on ly  v a l i d a t e  the  s tudy  of r e t r o v i r a l  oncogenes as  models 
for  t h e  biochemical basis o f  human cancer ,  t hey  a l s o  i n v i t e  a d i r ec t  a s s a u l t  on 
an a p p a r e n t l y  l i m i t e d  set o f  c e l l u l a r  genes important  i n  t h e  c r e a t i o n  o f  a canc- 
er cel l ,  i r r e s p e c t i v e  of e x t e r n a l  cause.  The ques t ions  we address i n  o u r  work 
and t h i s  proposal  s p r i n g  d i r e c t l y  from t h i s  perspec t ive .  What is t h e  f u l l  rost- 
er o f  c e l l u l a r  genes in s t rumen ta l  i n  carc inogenes is?  What are t h e  normal func- 
t i o n s  of these genes? How do t h e i r  oncogenic homologues---either mutant al leles 
i n  tumors o r  t ransduced d e r i v a t i v e s  i n  v i r a l  genomes---differ s t r u c t u r a l l y  and 
f u n c t i o n a l l y  f r o m  t he i r  normal p rogen i to r s?  What are t h e  biochemical  conse- 
quences o f  oncogene a c t i v a t i o n  and how do t h o s e  consequences lead t o  t h e  loss  of 
growth c o n t r o l  and t h e  o t h e r  changes t h a t  t y p i f y  a cance r  ce l l?  Might we be 
able t o  use  t h e  emerging knowledge o f  oncogenes t o  begin t h e  r a t i o n a l  des ign  o f  
s t r a t e g i e s  f o r  t h e  c o n t r o l  of cancer? 

11. Expanding - t h e  r o s t e r  - o f  oncogenes. 

The s i z e  o f  t h e  complete r e p e r t o i r e  o f  c e l l u l a r  oncogenes is unknown. Re- 
t r o v i r u s e s  have brought t o  l i g h t  a t  l ea s t  twenty such genes,  and more appear t o  
be i n  t h e  o f f i n g .  For example, two leukemia v i r u s e s  (E26 and MH-2) under  s tudy  
i n  o u r  l a b o r a t o r y  harbor  as ye t  uncharac te r ized  g e n e t i c  l o c i  t h a t  may be on- 
cogenes. Severa l  oncogenes have a l s o  been added t o  t h e  l i s t  by t h e  s tudy  o f  
i n s e r t i o n  mutat ions,  oncogenic DNA, and chromosomal rearrangements .  

We are p lac ing  special emphasis upon t h e  use  o f  i n s e r t i o n  muta t ions  t o  
i d e n t i f y  new oncogenes. The va lue  o f  t h i s  approach has been substant ia ted---and 
g iven  r ise t o  y e t  more exper imenta l  o p p o r t u n i t i e s  described below---in s t u d i e s  
of av ian  B cel l  lymphoma and mouse mamary carcinoma. I n  the  lymphomas, a cel- 
l u l a r  oncogene (c-myc), p rev ious ly  d iscovered  here by its homology w i t h  the on- 
cogene of MC-29 v i r u s ,  was found t o  be a c t i v a t e d  i n  v i r t u a l l y  a l l  tumors  by ad- 
j a c e n t  i n s e r t i o n s  o f  av ian  l e u k o s i s  v i r u s  DNA. This f i n d i n g  presaged other 
k inds  of  evidence f o r  t h e  involvement of c-myc - i n  human and murine tumors: am- 
p l i f i c a t i o n s  o f  t he  c-E gene and chromosomal t r a n s l o c a t i o n s  t h a t  j o i n  c - s  to  
imnunoglobulin loci .  I n  mouse mammary tumor v i r u s  (MMTV)-induced carcinomas,  we 
have traced p r o v i r a l  DNA t o  t h e  s i t e  of i n s e r t i o n  muta t ions  and t h e r e b y  i d e n t i -  
fied a c e l l u l a r  gene ( c a l l e d  - in t -1)  t h a t  is a c t i v a t e d  by t h e  i n s e r t i o n s .  
gene, l i k e  o t h e r  p u t a t i v e  oncogenes, has  been h igh ly  conserved d u r i n g  e v o l u t i o n ,  
b u t  express ion  o f  it has been observed t o  date only i n  mouse mamary  tumors 
bea r ing  nearby p r o v i r a l  DNA. We now seek to  know t h e  f u n c t i o n  of t h i s  gene (see 
belaw),  and whether it f i g u r e s  i n  non-viral  ca rc inogenes i s  i n  human be ings  and 
o t h e r  animals.  
c o n t e x t s  i n  which i n s e r t i o n  muta t ions  may be opera t ive :  i n  nephroblastomas in-  
duced i n  chickens by myeloblastosis-associated v i r u s ,  and in primary h e p a t i c  
carcinomas (PHCs) assoc ia t ed  with i n f e c t i o n  by h e p a t i t i s  B v i r u s  ( H B V ) .  The 
s tudy  of nephroblastomas may have s p e c i a l  rewards: no gene has  y e t  been impli-  
cated i n  human r e n a l  cancer ,  though s e v e r a l  chromosomal a b n o r m a l i t i e s  have been 
descr ibed;  t h e  precedent  o f  c-E suggges ts  t h a t  targets f o r  i n s e r t i o n  muta t ions  
may a l s o  be involved in chromosomal rearrangements.  PHC has  a s i g n i f i c a n c e  t h a t  
is se l f -ev ident :  t h i s  disease is among t h e  most common f a t a l  cance r s  o f  man 
worldwide. I n  both c o n t e x t s  w e  seek chromosomal domains t h a t  are p h y s i c a l l y  and 

T h i s  

We are also a t t empt ing  t o  d i scove r  new oncogenes i n  two other 
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t r a n s c r i p t i o n a l l y  altered by v i r a l  DNA. Previously known c e l l u l a r  oncogenes 
seem t h u s  far n o t  t o  s e r v e  as  targets f o r  i n s e r t i o n  mutat ion i n  t h e s e  tumors,  
b u t  i n  one hepatoma w e  have an i n t e r e s t i n g  lead: an i n t e g r a t e d  u n i t  o f  HBV DNA 
and f l ank ing  c e l l u l a r  DNA is many-fold amplif ied.  

Similar c o n s i d e r a t i o n s  in f luence  t h e  search for oncogenes i n  tumors  wi thou t  
appa ren t  v i r a l  cause.  For example, t h e  thought  that gene a m p l i f i c a t i o n  might 
br ing  c e l l u l a r  oncogenes i n t o  t h e  tumorigenic  scheme l e d  t o  o u r  r e c e n t  d i s c o v e r y  
of a gene we ca l l  N-E - a d i s t a n t  k i n  to  c- t h a t  is  ampl i f ied  i n  human neu- 
roblastomas. Our s tudy  of neuroblastoma was motivated by k a r y o l o g i c a l  ev idence  
t h a t  t h e  tumor f r e q u e n t l y ,  i f  n o t  i n e v i t a b l y ,  harbors a domain o f  ampl i f i ed  DNA. 
Searching  wi th in  t h i s  domain f o r  r e p r e s e n t a t i v e s  o f  known oncogenes, we encoun- 
tered t h e  p rev ious ly  unrecognized N-w. 
throughout  t h e  v e r t e b r a t e  phyla (as  expected f o r  a cand ida te  c e l l u l a r  oncogene);  
t h a t  t h e  hap lo id  genome o f  human cells con ta ins  a s i n g l e  copy o f  N-E, s i t u a t e d  
on t h e  short  arm o f  chromosome 2; and t h a t  ampl i f i ca t ion  o f  N - e  may be a 
molecular  marker f o r  neuroblastoma, perhaps even an e t i o l o g i c a l  f a c t o r  i n  t h e  
g e n e s i s  o f  t h e  tumor. 
seems worthy o f  p u r s u i t  i n  t h e  numerous o t h e r  examples o f  human tumors p re sen t -  
i n g  wi th  ka ryo log ica l  evidence o f  gene ampl i f i ca t ion  p r i o r  t o  therapy .  

We now know t h a t  N - s  is p r e s e n t  

The r a t i o n a l e  t h a t  engendered the  d iscovery  o f  N - s  

We wish t o  no te  here an aspect o f  o u r  work t h a t  may appear  n o t  t o  be 
d i r e c t l y  related t o  oncogenes and t h e i r  func t ions :  t h e  s tudy  o f  mechanisms by 
which t h e  r e t r o v i r u s e s  and h e p a t i t i s  B v i r u s e s  r e p l i c a t e .  Xn r e a l i t y ,  t h i s  work 
has provided an important  t h e o r e t i c a l  base f o r  many o f  our  excur s ions  among on- 
cogenes; i n  p a r t i c u l a r ,  it i n s p i r e d  t h e  search f o r  r e t r o v i r a l  i n s e r t i o n  muta- 
t i o n s  t h a t  a c t i v a t e  c e l l u l a r  oncogenes. We have a con t inu ing  commitment t o  
s tudy  r e t r o v i r a l  and host f a c t o r s  important  f o r  i n t e g r a t i v e  recombinat ion;  the 
t r a n s p o s i t i o n  o f  g e n e t i c  e lements  s t r u c t u r a l l y  related t o  r e t r o v i r a l  p r o v i r u s e s  
i n  Drosophi la ;  and t h e  g e n e t i c  program and r e p l i c a t i v e  s t r a t e g y  o f  h e p a t i t i s  B 
v i r u s e s  i n  lower mammals. 

111. func t ions  - o f  r e t r o v i r a l  oncogenes. 

The oncogenes carried by h i g h l y  tumorigenic r e t r o v i r u s e s  are among t h e  most 
po ten t  and exper imenta l ly  malleable carc inogenic  r eagen t s  known. Within hours  
after infect ion---or  w i th in  minutes  a f t e r  temperature s h i f t  o f  cel ls  i n f e c t e d  
w i t h  thermosens i t ive  mutants---normal cel ls  can be converted t o  tumor igenic  
cells  through t h e  a c t i o n  o f  modest amounts o f  a s i n g l e  p ro te in .  Furthermore,  
work here and elsewhere has  sketched some pre l iminary  v e r s i o n s  of how such pro- 
t e i n s  act ;  f o r  example, s e v e r a l  o f  the  v-onc - p r o t e i n s  e x h i b i t  p r o t e i n  k i n a s e  ac- 
t i v i t y  s p e c i f i c  for  t y r o s i n e  and r e s i d e  i n  t h e  plasma membrane. F u t u r e  chal- 
l enges  inc lude  the i d e n t i f i c a t i o n  o f  (i) the  f u n c t i o n a l l y - s i g n i f i c a n t  c e l l u l a r  
targets for  t y r o s i n e  k inases ;  (ii) t h e  s t r u c t u r a l  f e a t u r e s  of t h e  t r ans fo rming  
p r o t e i n s  important t o  t h e i r  l o c a l i z a t i o n  and a c t i v i t y ;  and (iii) t h e  biochemical  
p r o p e r t i e s  o f  t h o s e  oncogenic p r o t e i n s  t h a t  are no t  t y r o s i n e  k inases .  The u l t i -  
mate goal is t o  understand i n  de ta i l  t h e  appa ren t ly  va r i ed  oncogenic mechanisms 
used by v i r a l  genes  whose re levance  t o  human cancer  can now h a r d l y  be ques- 
t i oned .  

We cont inue  t o  p l a c e  s p e c i a l  emphasis upon t h e  src gene of Rous sarcoma v-src - 
v i r u s  and its product ,  a 60,000 d a l t o n  phosphoprotein (pp60 -1 t h a t  phospho- 
r y l a t e s  t y r o s i n e  r e s i d u e s  i n  many p ro te ins .  The power o f  a j o i n t  g e n e t i c  and 
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biochemical approach is man i fe s t  here: we are i s o l a t i n g  and e n g i n e e r i n g  new E 
mutants  t o  probe (i) t h e  b a s f Z B d  s i g n i f i c a n c e  o f  t h e  t y r o s i n e  k i n a s e  a c t i v i t y ,  
(ii) the i n t e r a c t i o n  o f  pp60 w i t h  va r ious  c e l l u l a r  p r o t $ f g a  (iii) t h e  im- 
por t ance  o f  s e r i n e  and t y r o s i n e  phosphorylat ions wi th in  pp60 - , ( i v )  the ter- 
t i a r y  s t r u c t u r e  and membrane at tachment  of t h e  p ro te in ,  and ( v )  o u r  r e c e n t  f i nd -  
i n g  t ha t  - src may encode a second p r o t e i n  i n  an a l t e r n a t i v e  r ead ing  frame. I n  
a d d i t i o n ,  we are a t tempt ing  t o  i s o l a t e  hos t  mutants t h a t  f a i l  t o  res ond t o  v- , i m -  b-src - src i n  hopes o f  i den t i fy ing :  - 
mediate targets f o r  phosphorylat ion,  and other components i n  t h e  t r a n s f o r m a t i o n  
pathway. We have mutants i n  hand t h a t  d i sp l ay  only a p o r t i o n  o f  t he  t ransformed 
phenotype and some t h a t  are competent t o  a f f e c t  some hos t  cells  but  n o t  others;  
these t o o  w i l l  be u s e f u l  i n  a d i s s e c t i o n  o f  t ransformat ion  by - src. Recent ly  we 
have placed t h e  v-src  - gene under  hormonal r egu la t ion  (by l i n k i n g  it t o  t he  
g lucocor t i co id - sens i t i ve  promoter from t h e  mouse mammary tumor v i r u s ) ;  t h i s  
maneuver has  produced ano the r  system r i p e  f o r  biochemical e x p l o i t a t i o n ,  s i n c e  we 
can now reproducibly modu&ag&the phenotype by making r e l a t i v e l y  small a d j u s t -  
ments i n  t h e  dose o f  pp60 - and its kinase  a c t i v i t y .  

If we are t o  realize t h e  f u l l  b e n e f i t s  o f  g e n e t i c  a n a l y s i s ,  we must l e a r n  . Important o b j e c t i v e s  inc lude :  (i) v-src much more o f  t he  biochemistry of pp60 - 
more e f f e c t i v e  pu r i f i ca ' t i on  of t h e  p r o t e i n  i n  bulk, perhaps by e x p l o i t i n g  pro- 
duc t ion  i n  bacterial  hostsi-$$&) d e t a i l e d  c h a r a c t e r i z a t i o n  of t h e  enzymat ic  
r e a c t i o n  ca ta lyzed  by pp60 - and comparisons w i t h  better known p r o t e i n  k i -  
nases; (iii) i d e n t i f i c a t i o n  o f  t h e  amino acid sequences t h a t  d e f i n e  p r e f e r r e d  
s i tes  for phosphorylation by pp60 ? ( i v )  t h e  design and s y n t h e s i s  o f  pep- 
t i d e s  t h a t  r ep resen t  model s u b s t r a t e s  and p o t e n t i a l  i n h i b i t o r s  of t h e  k i n a s e  ac- 
t i v i t y ;  (v )  the use of inhibi tors  t o  o b t a i n  more d e c i s i v e  ev idence  tbagtrctyrosine 
phosphorylat ion is re spons ib l e  f o r  t h e  tumorigenic c a p a c i t y  o f  pp60 ? and 
( v i )  t h e  development o f  more e f f e c t i v e  strategies f o r  t h e  biochemical  recogni -  
t i o n  o f  c e l l u l a r  p r o t e i n s  phosphorylatedvbgrghe enzyme (approaches cou ld  i n c l u d e  
a f f i n i t y  chromatography on p u r i f i e d  pp60 
s i n e  and pept ide  s u b s t r a t e s ) .  As the mechanis t ic  ana lyses  o f  - src advance, pr in-  
c i p l e s  by which t h e  effects of t h e  gene on cel ls  m i g h t  be r eve r sed  shou ld  em- 
erge, p resen t ing  u s  with new o p p o r t u n i t i e s  t o  i n t e r d i c t  mal ignant  growth. 

h o s t  f a c t o r s  requi red  t o  mobilize pp60 

V - E .  

- and a n t i s e r a  t o  both phosphotyro- 

There is l i t t l e  i n  t he  des ign  of ou r  s t u d i e s  on v - s rc  t h a t  cannot  also be 
app l i ed  t o  t h e  o t h e r  v i r a l  oncogenes t h a t  have caught o u r  fancy (v-fps, v-Q, 
v-erb-A, - v-erb-B, - and v - e ) .  Although only one o f  t h e s e  (v-fps) is a p r o t e i n  
k inase ,  g e n e t i c  a n a l y s i s  of both  v i r a l  gene and c e l l u l a r  response,  p u r i f i c a t i o n  
of t h e  p r o t e i n  products  of t h e  genes,  and biochemical q u e s t s  f o r  t h e  c e l l u l a r  
macromolecules w i t h  which t h e  t ransforming p r o t e i n s  may interact  w i l l  neve r the -  
less be c e n t r a l  t o  our  e x p l o r a t i o n s  o f  how these var ied  genes  t r ans fo rm cel ls  t o  
n e o p l a s t i c  growth. We b e l i e v e  t h a t  it is e s s e n t i a l  t o  s tudy  a m u l t i p l i c i t y  of 
oncogenes i n  o r d e r  to  achieve  a fa i r  sampling o f  the  biochemical  mechanisms t h a t  
can  u n d e r l i e  tumorigenesis ,  and t o  l e a r n  how these mechanisms affect cel ls  of 
d i f f e r e n t  embryological l i neages .  

IV. - The normal - and carc inogenic  func t ions  of c e l l u l a r  oncogenes. 

The f ind ings  t h a t  i m p l i c a t e  s p e c i f i c  c e l l u l a r  genes i n  tumorigenesis---  
whether t h e  genes were encountered first i n  r e t r o v i r a l  genomes (e.g., =), a t  
s i tes  of i n s e r t i o n  mutat ions (e.g., m-l), o r  i n  ampl i f ied  DNA (e.g., N - p )  
---raise two obvious but unanswered ques t ions :  what are t h e  normal f u n c t i o n s  o f  
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those genes? and how do a l t e r a t i o n s  of them con t r ibu te  to  disease? The c l u e s  
a t  hand are i n s p i r a t i o n a l  but  n o t  dec i s ive :  many o f  these genes  are s t r i k i n g l y  
conserved throughout  evo lu t ion ,  a rguing  tha t  they  are requi red  f o r  some funda- 
mental  l i f e  process;  v a r i a t i o n s  i n  expres s ion  o f  t h e s e  genes among t i s s u e s  or 
du r ing  embryogenesis and t h e  a f f i l i a t i o n  of c e r t a i n  oncogenes wi th  c e r t a i n  t y p e s  
o f  tumors sugges t  roles i n  development or d i f f e r e n t i a t i o n ;  and comparisons o f  
v i r a l  oncogenes (or mutant c e l l u l a r  oncogenes) w i t h  t h e i r  p r o g e n i t o r s  r e v e a l  
d i f f e r e n c e s  i n  both  t h e  s t r u c t u r e  and abundance o f  products ,  implying t h a t  both 
q u a l i t a t i v e  and q u a n t i t a t i v e  f a c t o r s  may opera te .  

The s p e c i f i c  o b j e c t s  o f  o u r  a t t e n t i o n  are t h e  c e l l u l a r  genes homologous t o  
t h e  v i r a l  oncogenes d iscussed  i n  t h e  preceding s e c t i o n  (src, myb, E, fps, - erb-A, - erb-B); genes uncovered as t h e  t a r g e t s  of i n s e r t i o n  mutat ion ( i n t - 1 ,  - as  
w e l l  as 
chromosomal rearrangements ( N - 9  and c-F, p r i n c i p a l l y ) .  The l e v e l  a t  which 
we can approach t h e  o v e r r i d i n g  q u e s t i o n s  must vary  i n  each case. For genes  o f  
which we are largely ignoran t  (e.g., - in t -1  and N - s ) ,  t h e  primary i s s u e s  are a 
more complete s t r u c t u r a l  d e f i n i t i o n  of t h e  genes  and t h e  i d e n t i f i c a t i o n  o f  t h e  
p r o t e i n  products.  I n  c a s e s - f o r  which p r o t e i n s  have been i d e n t i f i e d  (e.g., c - e  
and c - ~ ) ,  the  immediate i s s u e s  are more s o p h i s t i c a t e d  : d i scove r ing  t h e  
r e l evan t  biochemical p r o p e r t i e s  o f  t h e  gene products  and d e f i n i n g  t h e  g e n e t i c  
and biochemical d i s t i n c t i o n s  between normal and altered p r o t e i n s .  

and - erb-B, and perhaps o t h e r s  y e t  to  come); and genes involved i n  

We and others have wagered t h a t  c e l l u l a r  oncogenes may p lay  impor tan t  roles 
i n  t h e  growth and development o f  normal organisms. T h i s  is an e x c i t i n g  pros-  
pec t ,  because b i o l o g i c a l  s c i e n t i s t s  have p rev ious ly  had l i t t l e  g e n e t i c  purchase 
o n . c e l l  d i v i s i o n  and d i f f e r e n t i a t i o n  i n  h ighe r  eukaryotes.  But how are t h e  
roles o f  c e l l u l a r  oncogenes i n  normal cells  t o  be sought? I n  t h e  bel ief  t h a t  
g e n e t i c  strategies are l i k e l y  t o  be most t e l l i n g ,  we have turned t o  t h e  two ex- 
per imenta l  systems t h a t  offer  t h e  most faci le  access t o  t h e  g e n e t i c s  of eu- 
karyotes:  yeas t  (Saccharomyces c e r e v e s i a e )  and t h e  f r u i t  f l y  (Drosophi la  melano- 
gaster). 

Genes related t o  many (perhaps  a l l )  of t h e  c e l l u l a r  oncogenes o f  b i r d s  and 
mamals can be found i n  Drosophila.  The great store o f  information accumulated 
f r o m  classical g e n e t i c  a n a l y s i s ,  as  well as  r e c e n t  remarkable p rogres s  w i t h  
techniques  t o  modify t h e  genome o f  Drosophi la ,  should make it p o s s i b l e  t o  a s k  
d i r e c t l y  how c e l l u l a r  oncogenes might c o n t r i b u t e  t o  t h e  growth and development 
of t h e  f l y .  The p rospec t s  for t h i s  work can be demonstrated by o u r  expe r i ence  
t o  date with Drosophila - src: t h e  i d e n t i t y  o f  t h e  gene has  been documented by nu- 
c l e o t i d e  sequencing; t h e  gene has been mapped t o  p o s i t i o n  64s on chromosome 3; a 
ty ros ine - spec i f i c  p r o t e i n  k inase  appa ren t ly  encoded by t h e  - src l o c u s  has been 
ident i f ied i n  t i s s u e s  o f  Drosophi la ;  and e x p r e s s i o n . o f ' t h e  locus  h a s  been shown 
to  f l u c t u a t e  d rama t i ca l ly  dur ing  t h e  course  o f  Drosophila embryogenesis. These 
findings prepare t h e  way f o r  a muta t iona l  a n a l y s i s  o f  Drosophila - src  and have 
emboldened u s  to proceed with i s o l a t e s  of o t h e r  c e l l u l a r  oncogenes, i n c l u d i n g  
'ps, E, gc, N-E and - int-1.  

Although it is conce ivable  t h a t  c e l l u l a r  oncogenes would s e r v e  d i f fe ren t  
phys io log ica l  purposes i n  y e a s t  and i n  metazoan organisms, t h e  ease and p r e c i -  
s i o n  wi th  which t h e  genome of y e a s t  can be manipulated call  for e x p l o i t a t i o n  
whenever poss ib le .  Caut ious exc i tement  has  therefore g ree t ed  t h e  d i scove ry  h e r e  
and elsewhere t h a t  y e a s t  may harbor  r ecogn izab le  members o f  t h e  c e l l u l a r  on- 
cogene family.  Candidates t o  date inc lude  src, f p s ,  myc, mos and =, and t h e  - 
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sea rch  is on f o r  o the r s .  Once t h e  i d e n t i t y  of any o f  t h e s e  genes has  been v a l i -  
d a t e d ,  targeted mutagenesis and o t h e r  g e n e t i c  manipulat ions should qu ick ly  re- 
v e a l  whether t h e  gene is e s s e n t i a l  t o  y e a s t  and what its phys io log ica l  purpose 
might be. 

Genes can now be introduced i n t o  t h e  genome o f  mice by mic ro in j ec t ion  of 
s i n g l e - c e l l  embryos. He  hope e v e n t u a l l y  t o  u s e  t h i s  remarkable technology i n  
ou r  search f o r  t h e  normal and pa thogenic  f u n c t i o n s  o f  c e l l u l a r  oncogenes, and w e  
have begun t o  develop t h e  necessary  r eagen t s .  
c o n s t r a i n t s  on the u t i l i t y  o f  the procedure,  s i n c e  it has no t  y e t  proven poss i -  
b l e  t o  d ic ta te  whether,  when o r  where t h e  implanted gene w i l l  be expressed .  We 
w i l l  wait f o r  re l ief  o f  these l i m i t a t i o n s  before pursuing t h e  c r e a t i o n  o f  
t r ansgeno te  mice f o r  our  purposes. 

But there are p r e s e n t l y  s e r i o u s  

V i e w s  o f  how t h e  growth of normal and n e o p l a s t i c  cells is governed have 
merged dramat ica l ly  i n  t h e  s t u d y  o f  po lypep t ide  growth factors. A t  least  one of 
these ,  p la te le t -der ived  growth factor (PDGF), is a close g e n e t i c  r e l a t i v e  of t h e  
p r o t e i n  encoded by the  v i r a l  oncogene v - s i s ;  - s e v e r a l  (PDGF, ep ide rmia l  growth 
f a c t o r  [EGF], and perhaps i n s u l i n )  e l i c i t  phosphoryla t ion  o f  t y r o s i n e  i n  c e l l u -  
lar p r o t e i n s ,  poss ib ly  by a c t i v a t i n g  t y r o s i n e - s p e c i f i c  k inase  a c t i v i t y  res iding 
on t h e  r ecep to r s  t o  which t h e  growth factors bind;  and i l l i c i t  product ion  o f  
growth factors may be a c e n t r a l  anomaly i n  many forms of cancer  ce l l s .  An t i c i -  
p a t i n g  (and provoked by) these a s s o c i a t i o n s ,  w e  have i n i t i a t e d  two l i n e s  o f  a t -  
tack designed t o  e x p l i c a t e  t h e  c e l l u l a r  response  to  growth f a c t o r s .  F i r s t ,  w e  
have sought  and found mod i f i ca t ions  i n  t h e  s t r u c t u r e  and func t ion  of t h e  p r o t e i n  
encoded by the c e l l u l a r  - src gene d u r i n g  t h e  e a r l y  c e l l u l a r  response t o  PDGF. 
The n a t u r e  o f  t h e  modi f ica t ions  and t h e i r  role i n  t h e  response t o  PDGF are under  
s tudy .  Second, we have begun t h e  molecular  c l o n i n g  of genes t h a t  encode t h e  re- 
c e p t o r s  f o r  EGF and PDGF. The c loned  genes  w i l l  r e v e a l  va luable  de t a i l s  of re- 
cep to r  s t r u c t u r e .  More impor t an t ly ,  the c l o n e s  can be manipulated -- i n  v i t r o  and 
then  t r ansp lan ted  back i n t o  l i v i n g  ce l l s  i n  o r d e r  t o  dissect t h e  r o l e  o f  t h e  re- 
c e p t o r s  i n  t h e  response t o  t h e i r  l i g a n d s .  

How large is t h e  role of c e l l u l a r  oncogenes i n  carc inogenes is?  What 
changes must be wrought i n  these genes  t o  make them pathogenic? How might these 
changes affect  t h e  func t ions  of t h e  genes? 
t i o n s  i n  a mul t i face ted  approach t h a t  l i e s  a t  t h e  core of ou r  research program, 
and t h a t  employs a l l  o f  t h e  oncogenes now under  o u r  s c ru t iny .  

We seek t h e  answers t o  these ques- 

(i) The p ro te in  products  of t h e s e  genes  must be i d e n t i f i e d ,  produced i n  
q u a n t i t y ,  characterised i n  d e t a i l  and compared t o  t h e i r  pathogenic  kin.  I n  
t h e s e  e f f o r t s  we are assisted by t h e  remarkable  progress  t h a t  has  occurred  i n  
t h e  c lon ing  and express ion  of e u k a r y o t i c  genes  i n  bacteria and i n  t h e  p roduc t ion  
of poly- and monoclonal a n t i s e r a  w i t h  a n t i g e n s  synthes ized  chemical ly  or i n  bac- 
teria. 

(ii) The s t r u c t u r a l  de ta i l s  o f  c e l l u l a r  and v i r a l  oncogenes must be ela- 
bora ted  and compared i n  a search for  f e a t u r e s  t h a t  can modify func t ion .  

(iii) The carc inogenic  c a p a c i t y  of  c e l l u l a r  oncogenes needs t o  be tested 
pe r suas ive ly  i n  cel l  c u l t u r e  and i n  an imals ,  u s ing  v i r a l  v e c t o r s  and other-means 
of  gene-transfer .  Here t h e  d iv idends  of p u r s u i r q  r e t r o v i r a l  r e p l i c a t i o n  are 
aga in  apparent :  var ious  ve r s ions  o f  c e l l u l a r  oncogenes - inc luding  t h o s e  such  as  
- i n t -1  and N - m ~ c ,  not  prev ious ly  found i n  r e t r o v i r a l  genomes - can be harnessed  
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t o  r e t r o v i r a l  elements and d e l i v e r e d  throughout  a hos t  animal o r  t o  a l l  ce l l s  i n  
a c u l t u r e .  

( i v )  The genes can be  manipulated -- i n  v i t r o  t o  desc r ibe  t h e  v a r i e t y  of 
s t r u c t u r a l  a l t e r a t i o n s  t h a t  can produce o r  enhance pa thogenic i ty .  The s t a r t i n g  
p o i n t  i n  such e f f o r t s  is t h e  g e n e s i s  of hybr id  genes t h a t  combine domains from 
v i r a l  oncogenes and t h e i r  c e l l u l a r  p rogen i to r s ,  bu t  manipulat ion of t h e  c e l l u l a r  
genes a l o n e  should a l s o  be r e v e a l i n g ,  e s p e c i a l l y  when r e t r i e v e d  from normal and 
cancerous cells. The f u n c t i o n a l  consequences of t h e  manipulat ions can be tested 
by gene - t r ans fe r  i n  c u l t u r e  and i n  animals .  

( v )  Fu r the r  evidence t o  i m p l i c a t e  c e l l u l a r  oncogenes i n  t h e  g e n e s i s  of hu- 
man tumors must be sought.  A l l  o f  t h e  strategies we have learned before, and 
others y e t  t o  come, can be employed i n  t h i s  search:  pursue new oncogenes i d e n t i -  
f i e d  by i n s e r t i o n a l  mutagenesis i n  t h e  appropr i a t e  human tumors ( for  example, - i n t -1  i n  carcinoma o f  t h e  breast, and the  p r e s e n t l y  unknown genes w e  hope t o  
f i n d  i n  h e p a t i c  and r e n a l  carcinomas);  e x p l o i t  t h e  a m p l i f i c a t i o n  of DNA i n  human 
tumors t o  implicate known c e l l u l a r  oncogenes i n  t.umorigenesis and t o  f i n d  poten- 
t i a l l y  novel  oncogenes; con t inue  o u r  search for  ino rd ina te  expres s ion  of known 
c e l l u l a r  oncogenes i n  d i v e r s e  sampl ings  o f  human tumors; use e s t a b l i s h e d  pro- 
cedures  f o r  gene- t ransfer  t o  seek a c t i v e  oncogenes i n  t h e  tumors we s tudy ;  u s e  
v i r a l  v e c t o r s  t o  develop more e f f i c i e n t  and more comprehensive strategies f o r  
# the  r e scue  of tumorigenic genes  from human neoplas ia ;  and e x p l o r e  t h e  u s e  of 
gene - t r ans fe r  and somatic  c e l l  g e n e t i c s  f o r  t h e  de t ec t ion  of f a u l t y  r e g u l a t o r y  
dev ices  t h a t  m i g h t  c o n t r i b u t e  t o  n e o p l a s t i c  growth but t ha t  would n o t  be counted  
as members o f  t h e  oncogenic family.  

V. Epilolr;ue, 

We make t h i s  proposal  w i t h  two firm convic t ions :  t h a t  cancer  is a t  its 
h e a r t  a g e n e t i c  malady, and t h a t  r e t r o v i r u s e s  have provided u s  wi th  o u r  b e s t  
g r i p  on t h e  malady. If there is a common g e n e t i c  s u b s t r a t e  on which v a r i o u s  
carc inogens  act ,  c e l l u l a r  oncogenes are l i k e l y  t o  be p a r t  o f  t h a t  s u b s t r a t e .  If 
we can u n r a v e l  the  means by which these genes act, we should be able t o  p e r c e i v e  
a t  least  t h e  o u t l i n e s  o f  a r a t i o n a l  des ign  for  t h e  prevent ion and c u r e  of cant- 
er. 


